We describe, formulate, and investigate quantitatively a physical process which will lead to radial plasma transport in dusty planetary magnetospheres. The process depends on plasma inhomogeneities (in,particular electron temperature fluctuations) interacting with distributed fine-grained ring material to drive currents along the magnetic field lines, which close through the ionosphere. Azimuthal electric fields generated in this way will then lead to radial plasma flows via the E x B drift. The process is investigated both for Saturn's oxygen torus and for the Io torus in Jupiter's magnetosphere.
INTRODUCTION
The transport of plasma in the magnetospheres of Jupiter and Saturn still provides major unsolved puzzles (for a summary, see the review by Bagenal [1992] ). Saturn's oxygen torus is supplied by sputtering of water molecules (with subsequent ionization and dissociation) from the moons Enceladus, Tethys, Dione, and Rhea [Johnson et al., 1989] and by similar sputtering of E ring particles (G. This could be understood if radial diffusive transport was sufficiently rapid to disperse the source signatures; on the other hand, diffusion must not be too strong since it would then affect the radial variation in the plasma temperature, which clearly exhibits local "pickup" behavior. If the E ring provides the major source for Saturn's oxygen torus, then the satellite peaks will be masked, and the need for rapid particle dispersal will be correspondingly reduced. Estimates of radial transport time scales range from years [Richardson et al., 1986 ] to about 30 days [Barbosa, 1990] . Morrill et al. (submitted, 1992) arrive at values from greater than -10 days at L --4 to greater than a few years at L --8. Only lower limits could be determined by their analysis.
Jupiter's "Io torus" presents several puzzles, of which we will mention only two. It appears to be split into two distinct regions, roughly inward and outward of Io's orbit, which appear to require distinctly different radial transport times (slow, years, in the inner region and rapid, •--10-100 days, in the outer region [see Richardson et al., 1980] ). There is an outer boundary at L = 7.5 where the plasma appears to be "impounded," possibly by the existence of a hot ring current, which has not yet been observed, however (G. L. Siscoe, private communication, 1991). Clearly, one of the major processes which needs to be understood quantitatively in order to make sense of these observations is the radial transport mechanism (or perhaps mechanisms).
In this paper we explore a concept originally discussed in the context of Saturn's spokes by Goertz and Morrill [ 1983] . The physical process is a "dust-driven flux tube interchange instability." We first discuss the physics of this instability and derive the mathematical framework. Then we apply the theory to Saturn' s oxygen torus, where adequate plasma and dust data are available for quantitative analysis. Finally, we speculate on the possible role which this•instability may play in the Io torus. This analysis is speculative in the sense that one major input, the injection of dust (or volcanic ash) from Io into the Jovian magnetosphere, is not known. We show that if such injection occurs, major puzzles of the Io plasma torus may find a satisfying solution.
PHYSICAL MODEL
The model is shown schematically in Figure 1 . There is a tenuous "dust ring" in the equatorial plane with a perpendicular optical depth to. This dust ring is embedded in the magnetospheric plasma. Interactions between the plasma electrons, ions, and UV photons from the Sun charge the dust particles to an equilibrium surface potential qb. This potential may vary in both space and time because of locally varying plasma parameters. In the corotating (plasma) frame the dust particles are moving with an azimuthal velocity AVD = r(12K --12)
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Paper number 92JA01951. The dust particles carry a current in the azimuthal direc- tion. Consider the situation where the plasma parameters change locally: In this case the dust particles will pick up (deposit) charges as they move into a new plasma regime, and they will deposit (pick up) charges as they move out of it. This implies that the height-integrated azimuthal current density, carried by the dust, varies across the plasma re- The current fluctuations drive a parallel current system which closes through the ionosphere. The electric field in the ionosphere associated with this dust-generated current system is For a plasma which is cooled by radiation there is a particularly interesting effect. The cooler flux tubes drift inward (dust charged negatively), and thus the plasma density is increased. Since cooling is proportional to the density squared, these flux tubes then cool even more rapidly than their warmer neighbors, leading to continued radial inward drift, more rapid cooling, etc. As the temperature decreases and the density increases in this way, finally recombination will remove the plasma unless other energization processes (e.g., waves) stabilize the situation.
We can see that in principle this process should lead to considerable self-organization of the plasma associated with radial transport. In the appendix we investigate the stability, i.e., under which ambient conditions this redistribution and self-organization of the plasma grows (damps out). An analysis involving the backreaction of the plasma on the dust will be given elsewhere in another context. Here we ignore this nonlinearity.
Finally, we address the question of the flux tube size. 
APPLICATION TO SATURN'S MAGNETOSPHERE
The radial transport of plasma clouds as a cause of the observed spoke phenomenon in Saturn's main ring system has already been discussed in the literature [see Goertz and Morrill, 1983; Morrill, 1982] . We shall not address this topic here; instead we discuss the situation in Saturn's E ring.
The ) examined the question of the origin of the oxygen toms and showed that the E ring could be a major source due to a process which they termed "self-sputtering," whereby the sputtered particles are ionized, "picked up" by Saturn's magnetic field, and energized sufficiently (in the Keplerian, or dust frame) to cause further sputter erosion. This theory accounts self-consistently for the density and temperature distribution of the magnetospheric plasma as well as the optical depth variation of the E ring. In their analysis they essentially arrived at the conclusion that local losses should be more important than radial drift, or comparable to it. The flux tube interchange instability, with a dust surface potential of about 1 V, would be compatible with this.
Johnson et al. [1989] examined the role of the satellites (Enceladus, Dione, Tethys, Rhea) in the context of the mass supply to the "oxygen torus." They did not, however, discuss the radial plasma transport quantitatively. It is clear, however, that a fairly rapid plasma dispersal is required in order to accommodate the observed lack of plasma concentration in the vicinity of the satellite orbits. The apparent absence of injection from Rhea and Enceladus is another puzzle which is not understood.
In Of course, the existence of DD-FTI does not rule out other transport mechanisms. However, it would appear from our calculations that these mechanisms are not required and indeed they must not be too strong in order to preserve the sharp edges of the oxygen torus.
APPLICATION TO JUPITER'S MAGNETOSPHERE
The possible occurrence of the DD-FTI in Jupiter's magnetosphere is much more speculative than it is in the case of Saturn, where plasma and dust parameters are comparatively well known. Dust injection into the Jovian magnetosphere driven by Io's volcanic activity must be regarded as possible, if not likely. Observations of the volcanic plumes have revealed dust (volcanic ash) at altitudes above 100 km over the surface, and it was suggested by Johnson et al. [1980] that electromagnetic "pickup" could drag some of this dust away from Io. Subsequent studies by Morrill et al. [1980a, b] concluded that if such injection occurs, the volcanic ash particles must be smaller than 0.1/xm and they will be strongly influenced by the Jovian electromagnetic field and be subject to rapid erosion (within 10-1000 years) due to plasma sputtering. The 10 ø tilt between the magnetic equator and the orbit of Io implies that the Io-injected dust should be located in a "dust wedge" with half angle 10ø; in addition the existence of a local maximum, a "dust ring" at the orbit of Io with a radial extent of about two to three Jovian radii (twice the estimated gyroradius for these dust particles), was predicted. The radial extent of the dust wedge depends on the dust transport; there is some evidence [Grt;in et al., 1980] that Io dust may penetrate to and interact with the Jovian ring at L = 1.82. However, Burns et al. [1980, 1984] have shown that the inversion of observed light scattering into dust particle distributions is (of course) not unique, and they conclude that zodiacal light particles impacting on and eroding small moons could also produce the observed ring features. It is probably a fair summary to conclude that the question is not resolved and requires further observational input. Regarding the outer boundary of the "dust wedge," it probably will not exceed L -12 because of sputter erosion. So far no direct evidence of dust injection from Io exists, be it ground-based or spacecraft observations, only circumstantial evidence which points to the possibility. Considering the difficulties in detection of particles in this size range and the low expected optical depth, this fact is not surprising.
For the Jupiter system, assuming that dust is present in the magnetosphere, we obtain the following drift velocity due to the dust-driven flux tube interchange instability within the Io Assuming that not all the dust is destroyed within the Io torus and that there is some "leakage," we have also given From Table 2 we can see a number of interesting features which illustrate both qualitatively and quantitatively why it is worthwhile to investigate the DD-FTI in the Jovian magnetosphere:
1 3. Transport should be more rapid outside the orbit of Io than inside, owing to the systematic plasma drag operating on the dust which drives it outward and correspondingly partially depletes the inner regions. This is consistent with the observation of a sharp plasma boundary close to the location of Io's orbit between the inner and the outer plasma torus [Bagenal et al., 1985] .
4. Outside the confines of the "dust ring" it has been predicted that a "dust wedge" might form. This dust wedge is populated by dust particles which survive the intense sputtering losses in the Io torus and "escape," or "leak," into the inner and middle magnetospheric region [Morrill et al., 1980b] . Dust transport is complicated (there is diffusion due to surface charge fluctuations, plasma drag, gyrophase drifts, and several other gravitational/electromagnetic effects); nevertheless, these processes ensure the radial spread of Io-injected dust if such injection occurs. From the point of view of plasma transport by the DD-FTI the relevant issue is the expected significant decrease in the dust optical depth outside the Io dust ring. This implies that the transport of plasma is considerably reduced, possibly by as much as 2 orders of magnitude. The consequence is the formation of sharp plasma boundaries, possibly leading to a natural explanation for the "impounding" effect at L • 7.5, as well as the inner torus boundary, at L • 5.
5. As was mentioned earlier, the characteristic flux tube dimension "picked out" by the DD-FTI can be estimated on the basis of some characteristic time scales. For Jupiter at L = 6 this is about 3 x 109 cm (similar to Saturn). Thus the DD-FTI has some attractive features or, more precisely, it lacks the unattractive features of other processes; it is not a large-scale MHD convection system (which is difficult to reconcile with the observed Io torus azimuthal symmetry), it does not require plasma density fluctuations as do all centrifugally driven FTI processes (observed density fluctuations are too small to be compatible with strict MHD interchange theories [see Richardson and McNutt, 1987] ), and it does not require special scenarios to account for the boundaries and internal structure of the plasma torus.
In summary, if Io injects substantial amounts of volcanic "smoke" into Jupiter's magnetosphere, some of the hitherto puzzling aspects of Jovian plasma physics may find a surprising and at the same time elegant explanation. 
CONCLUSION
In this paper we have described a new plasma transport process' the dust-driven flux tube interchange instability.
We have investigated this process quantitatively in the context of Saturn's oxygen torus and E ring. The conclusion was that this process is sufficient and acts in exactly the right way for us to understand and be able to explain the observed plasma features.
We also investigated the possible role which this process might have in the Jovian magnetosphere, in particular in the Io plasma torus. This latter investigation is speculative in the sense that it is not known if or how much volcanic "ash" (or dust) Io injects into the magnetosphere. The conclusion was, and this is intriguing and encouraging, that a dust injection of the order of 0.1% of the total plasma injection suffices to drive the plasma in the toms in exactly the right way so that hitherto puzzling features such as the sharp edges and the transition between the inner and the outer torus (near Io's orbit) can be understood.
Since the DD-FTI relies on surface charge variations on the dust grains, future work would include a detailed theoretical analysis of charge fluctuations (induced by plasma temperature variations, multicomponent plasmas, compositional changes, pitch angle distribution effects, plasma convection, secondary emission, etc.) and an analysis of the available plasma data to obtain variances of these quantities (in particular electron and ion temperatures) as a function of length scale, as well as power spectral analyses as a function of length rather than frequency. These analyses would substantially improve on the rather crude estimate for A4% used in the present work.
Finally, and obviously, this process should also be investigated quantitatively in the magnetospheres of other ringed planets.
APPENDIX: INSTABILITY CRITERION
In order to show that a diffuse equatorial dust ring (or sheet) can drive a plasma flux tube instability we need to determine the conditions under which the drift velocity between different flux tubes will grow out of an initially small perturbation. We need to consider the plasma drift process discussed in the main text, plasma injection from the dust, loss processes, adiabatic energy changes, etc. Our approach where n is the particle number density and the subscripts define the appropriate particle source and loss terms. Inserting this in (A32) yields a > -1. Note that without secondary electron emission we would have a • 1, so that the instability criterion is satisfied, and if secondary electron emission is important, a may be zero or even close to -1. In any case, it appears that the process described in the main text is capable of growing and thus becoming unstable.
